The specific role of Glutamate dehydrogenase (GLDH) in the brain is not yet clear, but it is an important enzyme in protein degradation as well as a metabolism regulator of glutamate as a neurotransmitter. The enzyme probably provides crucial protection for postsynaptic membranes against the neurotoxic effects of glutamate neurotransmitters. In men, GLDH activity declines almost evenly through the ages; in women, it declines faster in the first five decades. In the years of menopause, GLDH activity declines slower. The diminished GLDH activities in leukocytes and in the brain vary considerably, but they are parallel with the progress of neurodegenerative diseases. The GLDH activity is partly deficient in the brain, particularly in the leukocytes of patients with heterogeneous neurological disorders and degeneration of multiple neuronal systems. We found a statistically significant difference of GLDH activity in the cerebrospinal fluid in patients with neurological diseases and unexpected in patients with degenerative and inflammatory disorders. The decrease in GLDH activity in the cerebrospinal fluid of patients with neurodegenerative disorders may be one of the reasons for the neuro-excitotoxic glutamate effect. Defining the GLDH activity in leukocytes is at the moment the sole experimental method. The second one could be the measurement in cerebrospinal fluid. The results suggest a possibility to regulate glutamate level in human brain through activation of GLDH.
Introduction
Glutamate dehydrogenase (GLDH) (EC. 1.4.1.3.) consists of only polypeptide chains. The active compound is a hexamer with molecular mass between 310,000 and 350,000 [1] [2] . GLDH has the key role of acting as an interface between carbohydrates and amino acids in the vicinity of the citric acid cycle and urea cycle in the metabolism of a cell. Its function is to catalyse reversible deamination of glutamate into α-ketoglutarate and ammonium ion [2] [3] [4] . There are two forms: thermostable and thermolabile [1] [5] [6] . With thermal inactivation of serum, GLDH was found that almost one third of GLDH serum originated from the rough endoplasmic reticulum and the rest from mitochondria [4] .
The specific role of GLDH in the brain is not yet clear, but it is an important enzyme in protein degradation [7] . It is linked with at least two sources of glutamate in the brain. In the synaptic part, glutamate acts as a neurotransmitter, while in the glial cells it acts as a metabolism regulator. Most of it is contained within astrocyte extensions [8] . The enzyme probably provides crucial protection for postsynaptic membranes against the neurotoxic effects of glutamate neurotransmitters [1] [9] . The glutamine metabolism in the brain is predominantly regulated by the control of GLDH rather than glutamine synthetase [10] [11]. However, glutamate has also been shown to have a role in the transduction of sensory input at the periphery, and in particular in nociceptive transmission [12] [13] [14] .
The pathological glutamate excitotoxic mechanism in the brain is thought to be caused by processes, such as inadequate uptake, pathological metabolism in glial cells or release from terminals, and triggers excessive glutamate activity [2] [8]. Its excess is also implicated in peripheral neuropathies [15] . Studies of glutamate metabolism in astrocytes have shown that a considerable proportion of glutamate undergoes oxidative degradation [16] . Trauma in human beings, such as arthritis, myalgia, and tendonitis, elevates glutamate levels in affected tissues [17] . Excitatory amino-acid released from motoneuron terminals acts on metabotropic glutamate receptors on interneurons other than Renshaw cells [18] .
GLDH in Leukocytes
Neutrophils contain all the enzymes including GLDH involved in the main metabolic pathways [19] . GLDH stimulates polyclonal proliferation and differentiation of naïve B-cells and, consecutively, immunoglobulin secretion [20] . Presumably has GLDH an anabolic function in leukocytes contrary to other organs, particularly the liver [21] . The GLUD1 gene (for housekeeping GLDH) is localized on human chromosome 10 and is present as thermo stable; GLUD2, however, (for nerve tissue-specific) is localized on human chromosome X and is present as a thermo labile isoprotein [5] [6] [20] . GLUD 1 is mainly present in hepatocytes, whereas GLUD 2 is in nerve tissues, testicles, retina and leukocytes [2] [22] [23] . There are no other relevant data on GLDH activity in leukocytes except its role in defining of neurodegenerative disorders.
GLDH activity was partly deficient in the brain, particularly in the leukocytes of patients with heterogeneous neurological disorders and the degeneration of multiple neuronal systems. The determination of GLDH activity in leukocytes is the only and indirect way for its activity validation in the brain as is the GLDH from brain and leukocytes mainly presented through GLUD 2 [18] [24] [25] .
The diminished GLDH activity is presumably systemic-metabolic damage, but expressed as a brain disease because of high glutamate concentrations in the brain [22] [27] . Partial GLDH deficiency is not a sufficient indicator of an obvious neurological disease; however, it may play an indirect role in the development and course of neurodegenerative diseases [22] [26] . Glutamate metabolism appeared preferentially regulated by a control of GLDH expression rather than glutamine synthetase of both astrocytic enzymes [27] [28] . Urea, threonine, glutamate, citrulline, alpha-aminobutyric acid, ornithine, ammonia and arginine are elevated in the cerebrospinal fluid of patients with mild cognitive impairment and Alzheimer's disease [29] . The increased GLDH activities was found in patients with tuberculosis and pyogenic meningitis, but not in patients with brain tumours according to control activities [30] using the unsuitably unspecific method for GLDH determination. It is well known that the GLDH activity is 
GLDH Activity in Leukocytesin Aging
In the brain the normally excitotoxic mechanism eliminates worn-out neuron branches from dendrites to enable new sprouts. The pathological excitotoxic mechanism is thought to be caused by processes, such as inadequate uptake, pathological metabolism in glial cells or release from terminals, and triggers excessive glutamate activity [8] [31] . The accumulation of glutamate and degeneration of postsynaptic neurons was found post-mortem in patients with neurodegenerative diseases of cerebellum and basal ganglia in patients who had GLDH deficiency in leukocytes and brain [23] . Many healthy subjects have a very low leukocyte GLDH activity [19] . In men, GLDH activity declines almost evenly through the ages; however, in women it declines faster in the first five decades. In the years of menopause, GLDH activity declines slower. Overall GLDH activity decreases more slowly in the age-group from 30 to 60 years, yet evidently more rapidly afterwards. The metabolism of proteins and possibly also of carbohydrates in leukocytes probably diminish with ageing. The diminished GLDH activity in leukocytes and the brain vary considerably, but they are parallel with neurodegenerative diseases. The gradually decreased GLDH activity over life may have some contribution in the process of aging. GLDH activity in leukocytes diminishes with ageing in both genders, particularly after the age of 50. It is assumed that the same process takes place also in the brain. It was presumed that the gradual decrease in GLDH activity is a normal process of growing older. Nevertheless, in the cases of neurodegenerative disorders is the rapidity of gradual GLDH activity decline faster. The fastest decline is perhaps in GLDH activity after 60 years of age [32] .
GLDH Activity in the Cerebrospinal Fluid
The damage to the cells of the central nervous system leads to enzyme release and to a rise of enzyme activities in the extracellular fluid. However, the blood-cerebrospinal fluid barrier is normally impermeable to enzymes. Enzyme elevation is for the most part only detectable in the cerebrospinal fluid [33] . Expectations regarding the provision of special enzymes in cerebrospinal fluid, derived from nerve cells or from structures of cerebrospinal fluid spaces, have not yet been fulfilled. Nevertheless, such a discovery would be very important for diagnostics [34] .
The cerebrospinal fluid is the first barrier in the protection of the brain against ammonia [1] . However, to our knowledge there is no relevant data about the GLDH activity in cerebrospinal fluid. We wanted to determine whether there is any measurable GLDH activity and any differences in the cerebrospinal fluid of patients with and without neurological diseases. In experimental study about regulation of glutamate level in rat brain through activation of GLDH with protopine and extracts of medical plants the results suggests a possibility to regulate glutamate level in human brain through activation of GLDH, too. In traditional Chinese medicine was Corydalis cava which contains protopine used as medicine for treatment of neurodegenerative diseases [35] [36].
Subjects and Methods
The study was carried out on the inpatients at the Department of Neurology of the Maribor University Medical Centre. The patients were hospitalized for the regular diagnostic purposes in the department of neurology. They were grouped according to the usual classification of neurological diseases: Degenerative (Parkinson's, Alzheimer's, Huntington's diseases, Amyotrophic Lateral Sclerosis), Demyelinating (multiple sclerosis, Devic disease, Balo's disease), Inflammatory (neuritis, polyneuritis, polyradiculitis), Vascular diseases (stroke, haemorrhage) and Other neurological diseases (epilepsy, infectious diseases). All patients were subjected to complete clinical investigation including neurological examination, cerebrospinal fluid analysis, brain CT or MRI and blood examinations. Informed consent was obtained for both diagnostic and medical research purposes.
Many patients complained of various neurological symptoms, mainly vertigo, paraesthesia and headache, but no neurological disease was confirmed. These were denoted as the patients without neurological diseases. Included were all the patients, directed for a hospitalization, with an evident neurological signs and excluded that ones without them.
GLDH was determined to be present in cerebrospinal fluid, blood serum and blood leukocytes. We also determined all routine markers. The blood and cerebrospinal fluid samples were taken once during a regular diagnostic procedure as the take ones cerebrospinal fluid is a very invasive intervention.
For defining GLDH activity in leukocytes, we modified several methods to develop our own. Leukocytes were isolated from venous blood with the Skoog and Beck method, followed by two freeze-thaw cycles and the addition of Triton X-100 at −20˚C [20] .
The catalytic GLDH activities were determined with the new standard method proposed by the German Society of Clinical Chemistry (GSCC) in 1992 [35] .
The thermal inactivation of GLDH in serum was performed with serum heating at 47.5˚C for one hour [37] . We calculated the percentage of GLDH inactivation, with the corresponding thermolabile isoenzyme. We took the 20% barrier of thermo stable as the lowest reliable percentage [4] of GLDH inactivation; this reflects the findings of Grossman, as he was able to inactivate approximately 17% of soluble (thermostabile) and approximately 49% of particulate (thermo labile) GLDH [38] .
Statistical analysis was carried out with the use of SPSS 16.0.1 for Windows. Frequencies, arithmetic mean, median, variance, standard deviation and standard error of the arithmetic mean, highest and lowest values, specificity and sensitivity, Pearson Chi-Square test, nonparametric Mann-Whitney U, Wilcoxon W tests and Spearman's rho, Pearson Correlation tests were used.
Results and Discussion
GLDH activity has been researched in the cerebrospinal fluid, serum and leukocytes of 91 subjects: 41 (45.05%) women and 50 (54.95%) men (Table 1) . GLDH activity has been researched in the cerebrospinal fluid, serum and leukocytes of 97 subjects: 44 (45.36%) women and 53 (54.64%) men. The majority of patients with neurological diseases had demyelinating diseases ( Table 2) . The reference values were determined with a deductive method in the group of 35 neurologically healthy patients. Using the non-parametric statistical analysis for determining reference ranges, the interval of 5-and 95-percentiles was chosen. The reference interval from 8.0 -106 nkat/L was calculated.
We did not find statistically significant differences of GLDH activity in serum and leukocytes between the patients with and without diseases. But the very low leukocyte GLDH activity in patients with neurodegenerative diseases confirmed the Plaitakis findings (Figure 1, Tables 3-5 ). However, the lowest values were measured in patients with neurological diseases and unexpected in patients with degenerative and inflammatory disorders. We found a statistically significant difference of GLDH activity in the cerebrospinal fluid in these two groups of pa-
However, four patients, one with an inflammatory disorder and three with demyelinating diseases, have no measurable GLDH activity in the cerebrospinal fluid.
Two thirds of patients with degenerative disorders and more than one third of patients with inflammatory disorders had statistically significantly reduced GLDH activities. Among those with degenerative disorders, only one patient had a GLDH activity (16 nkat/L) on the bottom end of the normal level.
The GLDH activity of patients with degenerative disorders is exceedingly lower in comparison with other neurological diseases. Even the span between lowest and highest activity was much lower (Figure 1 ). The elimination of glutamate as an excitatory neurotransmitter consequently lowers the neuro-excitotoxic process, which presumably leads to neuro-degeneration. The neuro-excitotoxic process at degenerative disorders is probably even quicker.
However, most, if not all, dorsal root ganglion neurons use the neurotransmitter glutamate [17] [39] . An excess of glutamate is implicated in cases of peripheral neuropathies as well [40] . The increased pain sensation, following tissue and nerve injury in arthritis, myalgia, and tendonitis, elevates glutamate levels in affected tissues [17] [41] . We found statistically significant lower GLDH activity in cerebrospinal fluid in patients with inflammatory disorders (Mann-Whitney U = 105.500, Z = −2.242, p = 0.02). This indicates that decreased GLDH activity could possibly cause an excess of glutamate in peripheral neuropathies in a similar way as in neurodegenerative diseases. This is an absolutely new discovery that needs further investigation. Table 3 . Statistical data of age, GLDH values in cerebrospinal fluid (nkat/L), sera (nkat/L) and leukocytes (µkat/g) of neurological healthy patients and patients with neurological diseases. We have confirmed the presence of both thermostable and thermolabile isoenzymes in human cerebrospinal fluid, but we did not find substantial differences in temperature inactivation between the groups. A statistically significant correlation was also found between total and inactivated GLDH in the cerebrospinal fluid and serum in patients with neurological diseases. The GLDH activity in cerebrospinal fluid is probably more decreased, because it is mitochondrial rather than GLDH from the rough endoplasmic reticulum [4] [5] [42] [43] .
These studies indicate that the decrease in GLDH activity in the cerebrospinal fluid of patients with neurodegenerative disorders may be one of the reasons for the neuro-excitotoxic glutamate effect. The role of decreased GLDH activity in patients with inflammatory disorders needs further investigation to be adequately understood.
Conclusions
Obviously GLDH has a significant role in regulation of the cell metabolism and in the elimination of possible excitotoxic glutamate neurotransmitter from synaptic cleft. The evaluation is possible only with indirect measurements through its activity in leukocytes and in the cerebrospinal fluid. In normal life, the gradual decrease in GLDH activity may be one of key factors for neurodegenerative ageing processes. Thus it may play an indirect role in the development and course of aging of the brain. As partial GLDH deficiency is not a sufficient indicator of an obvious neurological disease, however, it may play an indirect role in the development and course of neurodegenerative diseases such as olivopontocerebellar atrophy, atypical Parkinson's disease, Alzheimer disease and bulbar palsy. Defining its activity in leukocytes is at the moment the only valuable experimental method. The second one could be the measurement in cerebrospinal fluid with its limitations because of invasive proceeding. The results suggest a possibility to regulate glutamate level in human brain through activation of GLDH.
The activity of GLDH in leukocytes and in the cerebrospinal fluid is our further research focus, particularly in the field of differential diagnostics of neurodegenerative diseases.
